Much emphasis has been laid on an association of herpesviruses with atherogenesis. Fabricant and colleagues2-4 described avian herpesvirus-induced atherosclerotic changes in chickens, similar to the lesions found in humans. Since then, CMV, in particular, has been found repeatedly in human arterial tissue, predominantly derived from patients suffering from atherosclerosis. Epidemiologic support for an association between CMV and human atherosclerosis has come from studies on human heart transplants, where a significantly higher rate of accelerated transplant atherosclerosis was found in CMV-infected heart transplant recipients compared with non-CMV-infected recipients.10-12 In accordance with these findings in patients, accelerated atherosclerotic alterations were recently described in aortic allografts of rats that had been infected with a rat-specific CMV (RCMV).1344 Although a correlation between CMV and atherosclerosis has been suggested, the actual role of the virus in atherogenesis remains to be established. Since CMV is found in arterial SMCs and proliferating intimal SMCs are thought to be part of the early atherosclerotic plaque,15 it is tempting to consider that (intimal) arterial SMCs play a role in virus-induced atherogenic changes. However, although CMV infection and replication have been demonstrated in cultured arterial SMCs,16,17 no active CMV infection of arterial SMCs has been found in the above-mentioned in vivo studies. Therefore, it has been hypothesized that the arterial wall may be a place for CMV latency from which the virus can reactivate, starting a productive infection. In the present study, the susceptibility of medial and neointimal SMCs to acute infection with RCMVI8 was 
Materials and Methods

Virus
The RCMV used in the present study consisted of a pool of homogenated salivary glands of acutely infected laboratory rats.18'9 Experimental rats were intravenously infected with 105 plaque-forming units (PFU) of salivary gland-derived RCMV diluted in 1 mL Eagle's minimal essential medium and containing 2% newborn calf serum.
Animals
The experiments were performed, according to institutional guidelines, with 16-to 18-week-old male specific pathogenfree Wistar-Kyoto rats bred at the Department of Experimental Animal Service at the University of Limburg, Maastricht, The Netherlands. During the experiments, the rats were given standard rat chow and tap water at libitum.
Experimental Design
The left common carotid artery of all rats was ballooninjured, as previously described.20,21 In short, after anesthetizing the animals with pentobarbital (60 mg/kg body wt IP), a 2F balloon embolectomy catheter (Baxter) was introduced through the left external carotid artery and advanced into the aortic arch. Subsequently, the inflated catheter was withdrawn through the common carotid artery. This procedure was repeated three times. Then the catheter was removed, the external carotid artery was ligated, and the wound was closed. The right carotid artery was left untraumatized and served as an internal control. Rats were divided into four groups (A through D, n=7 or 8 per group). Thirteen days after balloon injury, when medial SMC proliferation had returned to control levels but intimal SMC proliferation was submaximal,20,21 rats of groups A and B were immunosuppressed by total-body roentgen radiation of 5 Gy. One and 4 days later, animals of groups A and C were intravenously injected with 105 PFU RCMV; rats of groups B and D were mock-infected with a salivary gland homogenate derived from noninfected rats. It has been proved that during these first few days after roentgen radiation, the animals were immunosuppressed sufficiently to give the virus a change to proliferate and initiate an infection. 22 The choice to administer RCMV 14 days after balloon injury was based on previous experience with the restimulation model (Reference 23; and E.M. van Kleef, personal communication), where it was shown that neointimal cells are very sensitive to stimuli like angiotensin and do respond in a manner different from medial SMCs.
By aortic bleeding under ether anesthesia, the animals were killed 2 weeks after the first RCMV administration and were perfused in situ with 0.9% NaCl. One hour before death, all animals intravenously received 0.5% Evans blue in 0.9% NaCl to stain nonendothelialized vascular tissue. Two-millimeter segments were taken from the central Evans blue-retaining part of the balloon-injured left common carotid artery as well as from the proximal part near the aortic arch that was not stained by Evans blue. Comparable segments were taken from the noninjured right carotid artery. Furthermore, tissue biopsies of liver, spleen, lung, and kidney were collected. The salivary glands, preferential sites for CMV, were taken to confirm a generalized RCMV infection.
All tissues were fixed in 3.7% formaldehyde in phosphatebuffered saline, routinely processed, and paraffin-embedded.
Cross sections (3 ,um) were cut and mounted on chromium alum gelatin-coated, glutaraldehyde-inactivated glass slides for immunohistochemical and in situ hybridization techniques as well as for hematoxylin-eosin and Lawson elastin staining.
Virus Detection
For the detection of RCMV early antigens, immunocytochemical techniques were used as previously described. 22 After blocking of endogenous peroxidase with 0.6% H202, deparaffinized tissue sections were preincubated with 2% bovine serum albumin before incubation with a mixture of two mouse monoclonal antibodies (8 and 35 [Reference 24]) against nuclear and cytoplasmic RCMV antigens. A second incubation was performed with biotinylated affinity-purified sheep antimouse IgG antibodies (Amersham, Nederland B.V.), followed by incubation with streptavidin-horseradish peroxidase complex (Amersham, Nederland B.V.). Specific antibody-antigen binding was visualized with diaminobenzidine substrate (DAB). To control for aspecific positive staining, all sections were incubated with an anti-human CMV monoclonal antibody, nonreactive with RCMV, as well as with no monoclonal antibody at all. Antibodies were of IgG 1 subclass and used in the same concentration (1:100). Tissue sections were counterstained with hematoxylin and embedded in Entellan (Merck).
In situ hybridization procedures to detect viral genome were performed as previously described.9 Probe DNA consisted of a mixture of DNA fragments (C, D, and E), accounting for 23.7% of the RCMV genome, as had been analyzed in our laboratory.2' The fragments were labeled with biotin 11-dUTP (Sigma Chemical Co) by use of the primed labeling kit (Boehringer). The specificity of the DNA probe was evaluated in uninfected rat embryonic fibroblasts. Hybridization was carried out overnight at 42°C. Formed hybrids were visualized by use of the BLU-gene TM kit (Bethesda Research Laboratories). To rule out nonspecific hybridization, in situ hybridization procedures were also accomplished without the DNA probe, using the plasmid vector as a control.
For electron microscopy, cross-sectional samples of the carotid arteries were fixed in 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer, pH (Fig ID) .
Electron microscopy confirmed the presence of RCMV in the carotid intimas of RCMV-infected rats of group A. Massive amounts of viral nucleocapsids in different stages of maturation were observed in the nuclei and cytoplasm of SMCs (Fig 2) and in some inflammatory cells. In the arteries from groups B, C, and D, no signs of viral infection were found, either with immunohistochemical and in situ hybridization techniques or with electron microscopy.
Histopathology
Four weeks after balloon injury, a multilayered neointima had been formed in the left carotid arteries. In the roentgen-radiated and RCMV-infected rats of group A, neointimal cells showed clear evidence of infection and inflammation. Cells were often swollen and contained cytoplasmic and nuclear inclusions, giving them an owl-eyed appearance characteristic of active CMV infection. Mononuclear and polymorphonuclear inflammatory cells as well as pyknotic cells were seen, predominantly in the innermost parts of the intima (Fig 3A and 3B) . No features of infection or inflammation were found in the neointima covered by endothelium nor in any of the arteries derived from rats of group B, C, or D (Fig 3C) . .~~~~~~~~C also stained positive with the HHF 35 antibody (Fig  4A and 4B ). Cells staining with the macrophage/monocyte marker ED-1 were present as well, predominantly in the innermost intimal layer (Fig 4C) . However, they were seen in smaller amounts and did not stain with the anti-RCMV monoclonal antibodies. In heavily infected arteries, large amounts of ED-1-stained cells were present in the adventitia, whereas the media and the outermost intimal parts only sporadically contained cells staining with ED-I.
Cells staining positive with the T-cell marker W3/13 were also found in the carotid intima of animals from group A. However, only few cells had the appearance of true lymphocytes. It is known that W3/13 can stain ' 
Morphometric Analysis
The medial cross-sectional area of the noninjuted riiht carotid arterx xas niot sieniticantly ditferent for the four experimental groups (Table) . Althoug-h the medial cross-sectional area of the injured left carotid arterx tenided to be increased compared xwith the medial In our model, immunosuppression proved to be a prerequisite for arterial RCMV infection, which is in agreement with other rat studies in which disseminated RCMV infection was only seen in animals with disturbed immunity.22 In rats with an intact immune system, RCMV DNA and antigens were found only in the salivary glands, which are known to be preferential sites for CMV; in other organs, RCMV could be detected at very low levels and in the acute phase only.29
The enhancing effect of immunosuppression on viral replication is a characteristic feature of CMV and other herpesviruses, and it is commonly known that in humans CMV may cause serious problems in neonates and patients with disturbed immunity, whereas in most healthy adults the infection remains asymptomatic.'
We found neointimal cells of the injured arteries to be highly susceptible to RCMV infection, whereas the virus only sporadically infected a medial SMC in these arteries and was never found in control arteries. The absence of RCMV infection in noninjured arteries is compatible with previous findings from our laboratory, which showed that during a disseminated RCMV infection, the virus was hardly ever found in the large arteries (authors' unpublished data).
The presence of endothelium seems to be a barrier for acute RCMV infection of neointimal SMCs, since neointimal infection was only seen in the intimal parts that were not covered by endothelial cells. In the area of the common carotid artery near the aortic arch, where the neointima was overlaid by an endothelial cell layer, no virus was detected. It is very likely that endothelial cells had been present during the entire postinfection period, since regrowth of endothelial cells from the aortic arch into the most proximal part of the denuded common carotid artery has been described within 2 weeks after balloon catheterization. It may also be possible that the susceptibility of neointimal cells to RCMV infection is linked to the position of these cells in the cell cycle, since endothelial cells reduce SMC proliferation in culture35,36 and neointimal SMC proliferation has been described to cease as soon as endothelium recovered the neointima.2021 This might explain the absence of RCMV infection in the neointima when endothelium is present. Moreover, the amount of DNA synthesis in the third and fourth week after balloon injury is higher in the neointimal SMCs than in the underlying media,20 and this may explain the higher susceptibility of the neointimal SMCs to virus infection compared with medial SMCs.
Intimal SMC migration and proliferation are commonly described features of early atherosclerotic changes and are described phenomena after arterial catheterizations in the clinic, although recent data may question this observation.37 Therefore, the high susceptibility to CMV infection of injured arterial areas is intriguing in the context of a possible viral contribution to atherogenesis. In this context too, we studied the presence of inflammatory cells in RCMV-infected arteries. After RCMV infection, mononuclear inflammatory cells and, to a lesser extent, polymorphonuclear cells and T lymphocytes infiltrated into the infected intimal areas. This is interesting because macrophages, in particular, are found in large amounts in atherosclerotic lesions.38-41 These cells synthesize and release a wide range of biologically potent molecules, which are all potential contributors to a local atherogenic process and may influence SMC proliferation. Mitogenic factors may also be released from infected SMCs.
Our observation that the neointimal cross-sectional area was not affected by virus infection may suggest that SMC DNA synthesis was not increased in the infected intima. This is in contrast with our recent findings that RCMV infection enhances SMC proliferation and neointimal thickness in rat aortic allografts.13'14 However, no viral antigens or nucleic acids were found in the allograft neointima, nor were there other signs of active RCMV infection. RCMV-infected cells could only sporadically be detected in the adventitia.14 On the contrary, in the present study a stimulatory effect of RCMV on neointimal thickness may be obscured by an increased degradation of SMCs in the course of intimal RCMV infection. To analyze SMC proliferation, preliminary studies were performed with bromodeoxyuridine labeling, a thymidine analogue that is incorporated into newly synthesized DNA. However, these were hard to interpret, since the compound was incorporated into the SMCs as well as into viral DNA and the cellular infiltrate (data not shown). Comparable results were obtained with an anti-Ki-67 antibody (Immunotech).
In conclusion, for the first time, acute CMV infection of arterial SMCs in vivo is described. In immunocompromised rats, RCMV infection was established in the intima of injured arteries when endothelial cells were absent. The observation that disturbed immunity is a necessity for active RCMV infection of arterial SMCs supports the thought that if the arterial SMC is indeed a potential site for latent CMV infection, the virus may reactivate, eg, during immunosuppression or local injury, initiating an acute infection as described here. The model described in the present study should provide a 220 Circulation Research Vol 75, No 2 August 1994 basis for further study of the short-and long-term effects of CMV infection on the neointima and the proliferation of SMCs.
